Relatively few flowering plants show ambophily (pollination by both wind and insects), and whether and when ambophily is advantageous has not been studied well. In the present study, we report ambophily in two dioecious pioneer tree species, Mallotus japonicus Müll.Arg. in a temperate forest of Japan, and Mallotus wrayi King ex Hook.f. in a tropical forest of Borneo, and discuss the conditions that contribute to the maintenance of ambophily.
Introduction
To transfer pollen grains efficiently from anthers to stigmas, flowering plants have more or less specialised their flowers and/or inflorescences to their pollen vectors (Faegri and van der Pijl 1979) . For example, animal-pollinated (mostly insect-pollinated) flowers are often conspicuous in colour and shape. In addition, they often have adhesive pollen grains and rewards for pollinators such as nectar. Wind-pollinated plants usually produce plenty of powdery pollen and inconspicuous small flowers without nectar. Their stamens and pistils are often exposed outside of the leaf-mass (Faegri and van der Pijl 1979) . Possessing flowers that are suitable for both insect and wind pollination may be costly, because insect-and wind-pollinated plants are expected to allocate resources in different ways; animal-pollinated plants often possess conspicuous petals and/or smell to attract many pollinators, whereas wind-pollinated plants produce large amount of pollen because male reproductive success depends on the number of pollen grains (Faegri and van der Pijl 1979) . In addition, flower characteristics that are suitable for one pollination system often conflict with those for other systems. For example, sticky pollen grains and/or pollinia of many animal-pollinated flowers can be expected to be less likely to be delivered by wind.
Only a limited number of plant species are known to employ both wind and insect pollination (ambophily).
Although ambophily is often considered an intermediate condition during a transition to either full wind pollination or biotic pollination (Culley et al. 2002) , some studies have suggested that ambophily can be advantageous in environments where conditions favouring either wind or biotic pollination vary spatially and temporally. For example, in alpine regions, populations of effective insect pollinators decline with increased elevation (Warren et al. 1988) , whereas wind conditions may be similar along elevational gradients (Gómez and Zamora 1996) . To ensure seed production throughout an elevation gradient, having a wind-pollination system as reproductive insurance may be advantageous for some alpine plants, such as Hormathophylla spinosa (Brassicaceae) (Gómez and Zamora 1996) and some alpine Salix species (Salicaeae) (Peeters and Totland 1999; Totland and Sottocornola 2001) . Other ambophilous plants are pioneer plants adapted to early stages of forest succession; they include Salix spp. (Salicaceae) (Tamura and Kudo 2000; Karrenberg et al. 2002) and Azadirachta indica (Meliaceae) (Vikas and Tandon 2011). Early successional forests are exposed to the wind; thus, wind pollination is suitable for such habitats (Stellman 1984; Goodwillie 1999) . However, along with succession, forests gradually become enclosed and wind may diminish within the forests. Reproductive success by wind pollination may decrease, and insect pollination may become relatively more important (Stellman 1984; Goodwillie 1999) .
In the present study, we examined the pollination system of Mallotus japonicus (Euphorbiaceae) in temperate Japan and M. wrayi on Borneo Island, Malaysia. Mallotus is a genus of ~150 species of dioecious trees or shrubs distributed mainly in palaeotropical regions. Most Mallotus species are pioneers, but they occur in various habitats, from secondary forests and riverbanks to the understorey of primary forests (Slik 2005; Sierra et al. 2007 ). The stamens (Sierra et al. 2010) . Male flowers secrete flower nectar (0.27 µL per flower with 29% sugar content on average, as determined using a sugar refractometer to assay nectar collected by 0.5-µL microcapillaries; E.
Yamasaki, unpubl. data). The pollen grains are dry and measure ~23.0 × 25.3 µm in size (Nowicke and Takahashi 2002) . Female inflorescences are composed of non-or several-branched panicles 5-10 cm long formed by tiny apetalous flowers (Fig. 1b) . Each flower has three-or four-branched dry and papillose stigmas. (80-µm mesh, Cloth Cabin, Suminoe Teijin Techno, Osaka, Japan), which allowed pollen grains of Mallotus, but not insects, to pass; (3) bagged -three inflorescences were covered with paper bags (Grape Bag, DAIICHI VINYL, Fukui, Japan) through which neither pollen nor insects could pass; (4) bagged and hand-pollinated -three inflorescences were covered with paper bags and hand-pollinated while flowering; and (5) pollen supplementation -three to five open inflorescences were hand-pollinated while flowering. We placed bags or nets on the inflorescences for Treatments 2-4 on 11-13 June, and counted the number of flowers for these treatments on 2-4 July. Because all flowers opened almost synchronously, all of the studied inflorescences had not been pollinated before our treatments, and all treated flowers and inflorescences were comparable. No insects were seen on inflorescences when inflorescences were bagged. We counted the number of fruits on the inflorescences on 28 July, when the fruits were still green but fully plump. Fruit set of each inflorescence was calculated by dividing the number of fruits by the number of flowers.
For M. wrayi, we selected two reproductive female trees, W1 and W2, for the experiments. Both trees were more than 5 m tall, and DBH was more than 7 cm. We conducted the following treatments on each tree: (1) controlthree inflorescences on W1 and 12 on W2 were tagged and left untouched; and (2) insect exclusion -three inflorescences on W1 and 12 on W2 were covered with a fine net before anthesis on 27 September. Since almost all the inflorescences flowered synchronously, all of the studied inflorescences had not been pollinated before our treatments. We counted the number of flowers on each inflorescence on 4 October, and the number of fruits on inflorescences on 2 November. Fruit set was calculated using the same procedure as for M. japonicus.
The effects of distance from the nearest male on the fruit set in M. japonicus were examined using a generalised linear mixed model (GLMM, function lmer in library lme4) in R 2.14.0 (R Development Core Team 2010).
Because the dependent variables of the two models below were fruit set represented as proportion data, binomial error distribution and logit-link function were chosen. In the first model, the dependent variable was fruit set of the control inflorescences. Distance from the nearest male was included as a fixed term, and the tree individual was modelled as a random effect. In the second model examining effects on pollen limitation, fruit set of inflorescences under the control and pollen-supplementation treatments was the dependent variable. Treatments (control and pollen supplementations) and interactions between treatment and distance as well as the distance to the nearest male were included as fixed effects.
Pollen limitation of individual trees was examined by comparing fruit set of control and pollen-supplementation inflorescences for each tree by using a generalised linear model (GLM) with a binomial error distribution and logit-link function. In this model, fruit set of control and pollen-supplementation inflorescences was included as a dependent variable, and treatment (control and pollen supplementations) was a fixed term.
Monitoring of airborne pollen
For M. japonicus, we placed five glass slides (2.6 × 7.6 cm, Micro Slide Glass, Matsunami Glass Industry, Osaka, Japan) layered with petrolatum for 72 h (from 24 to 27 June) on the crown of each of the five female trees used for the pollination experiment. The glass slides were changed every second day. After removal, the number of pollen grains on the glass slides was counted under an optical microscope to calculate the number of pollen grains captured on the slide each day. We distinguished the pollen grains of Mallotus from those of other species by their size, colour, ellipsoidal shape and smooth surface.
For M. wrayi, we placed five glass slides layered with petrolatum for 42 h (from 30 September to 2 October 2009) on tree W2, and on two additional female trees, W3 and W4. W2 was located near a male tree (distance between the stems <2 m), and W3 and W4 were located more than 50 m from male trees. The density of airborne pollen was calculated using the same procedure as for M. japonicus.
To test whether the number of airborne pollen grains decreases with distance, we fitted a GLMM with a Poisson error distribution and log-link function. In the model, the number of pollen grains caught on a glass slide on 1 day was the dependent variable. Distance from the nearest male was included as a fixed term, and the date when the glass slides were set out was a random effect.
Collection of flower visitors
To investigate whether insects contribute to pollination, we captured visitors to flowers and investigated their body pollen. We captured relatively large flower visitors (mostly dipterans and hymenopterans) with insect nets. For the five female M. japonicus trees (J1-J5), 2 h were spent capturing visitors to each tree with insect nets. Visitors to three male M. japonicus trees were captured with insect nets during a total of 4 h. We were able to reach 20-30 inflorescences on each tree. Small insects that stayed on flowers (mostly hemipterans and thysanopterans) were captured using aspirators and by sampling inflorescences. At each of the five female trees (J1-J5), 1 h was spent using aspirators to capture insects that stayed on flowers. Five inflorescences from each of the five female trees (J1-J5) and one inflorescence from each of three male trees were sampled, and all insects found on the inflorescences were kept.
For M. wrayi, 3 h were spent at each of three female trees and 1 h was spent at each of three male trees to capture flower visitors with insect nets. Although the trees were more than 5 m tall, inflorescences were observed from ~1.5 m, and we were able to reach 10-30 inflorescences on each tree. To capture small insects, 7-26 inflorescences from each of six female trees and three inflorescences from each of three male trees of M. wrayi were sampled.
Captured insects were identified to the order level, except for Hymenoptera, which was classified to superfamily.
The body pollen of insects captured on female trees was quantified under a stereomicroscope. We investigated whether visitation frequency of each of the six insect orders (see Results) was correlated with the distance from the nearest male by using Spearman's rank correlation tests.
Results

Fruit set
For M. japonicus, fruit set of the control inflorescences was 59.7-93.5% and did not significantly change with distance from the nearest male (Fig. 2 , GLMM, χ 2 = 0.19, P = 0.66). When insects' access to flowers was excluded by a net, all inflorescences set fruits, although the proportion was much lower than for control inflorescences (Fig.   2, 14 .8-68.4%). In contrast, none of the flowers under the bagged treatment set fruit, whereas the bagged inflorescences with supplemental hand-pollination showed 61.5-100% fruit set. GLMM analysis on fruit set of inflorescences under the control and pollen-supplementation treatments showed that the interaction between the treatment and the distance from the nearest male was a highly significant predictor of seed set (χ 2 = 34.75, P <10 8 , Fig. 2 ).
Flower visitors
In total, 100 and 111 flower visitors belonging to various orders were collected from female trees of M. japonicus and M. wrayi, respectively (Table 1) . Female inflorescences were visited less often by insects than were male inflorescences. The most frequently captured flower visitors during inflorescence collections were thrips (Thysanoptera) on both males and females. These insects stayed on the inflorescences, stuck their proboscises into the filaments or the stigma and sucked the juice. Few of the thysanopterans captured on female inflorescences carried any pollen on their bodies (18% on M. japonicus and 1% on M. wrayi; Table 2 ). The most frequently captured flower visitors during insect-net collections on female inflorescences of both tree species were hymenopterans. Among these, most Vespoidea (family Vespidae) on M. japonicus (100%) and Apoidea on M.
japonicus (family Apidae, Halictidae and Andrenidae) (67%) and M. wrayi (Apis dorsata, Apidae) (100%) had large pollen loads (>11 pollen grains; Table 2 ), especially on their heads and legs. These insects stayed only for a few seconds on the female inflorescence, whereas they collected both nectar and pollen on males. Some of the other visitors (dipterans, hemipterans, coleopterans and lepidopterans) also had high or low numbers of pollen grains ( Table 2 ). The number of insect visitors and distance from the nearest male tree were not significantly correlated on females of M. japonicus (Spearman's rank correlation test, P = 0.08-0.56).
Discussion
The results of the present study suggest that Mallotus japonicus and M. wrayi are both wind-and insect-pollinated (ambophilous). Both species are wind-pollinated because inflorescences covered by nets set fruits even though all insect visitors were excluded. However, the relative contribution of wind pollination cannot be directly estimated from our results, given the possibility that a portion of airborne pollen was excluded by the extremely small mesh size of the nets. Because inflorescences covered by paper bags did not set fruit, but did when hand-pollinated, these trees do not set fruits by apomixis. The substantial amount of airborne pollen caught on all study trees also supports the effectiveness of wind pollination. In a preliminary experiment using M. japonicus during a previous year, all netted inflorescences also set fruits (E. Yamasaki, unpubl. data). Possible adaptations for wind pollination include the papillose and plumose stigma, the large amount of dry pollen grains, exposed anthers and stigma and elongated inflorescences of the two species. These species also appear to be insect-pollinated because insects with pollen on their bodies visited female flowers. Because most of the observed body pollen was attached to the heads and legs of flower visitors and these body parts frequently touch the stigma when they land on inflorescences, these insects may be effective pollinators. For both species, the most important pollinator insects appeared to be hymenopterans such as Vespidae, Apidae, Halictidae and Andrenidae, because the visitation rates of these insects were relatively high among all insects captured by insect nets; furthermore, these insects carried high numbers of pollen grains. Hymenopterans travel relatively long distances for foraging (Proctor et al. 1996) . Given that floral characteristics adapted for both wind and insect pollination can be recognised in both species, ambophily in M. japonicus and M. wrayi may be actively maintained because of several advantages of this pollination system, in contrast to either accidental maintenance or a possible transitional state of the two species. In some pioneer plants, ambophily is considered a strategy to accommodate changing wind conditions during different stages of forest succession (Stellman 1984; Goodwillie 1999) . In addition, we propose that changes in population density also contribute to the maintenance of ambophily. Population densities of pioneer plants such as
Mallotus species change as forest succession progresses; densities are high in early successional forests and gradually decrease as late successional plants colonise the forests (Pacala 1996; Guariguata and Ostertag 2001).
Several studies have reported that in wind-pollinated plants, pollen limitation increases rapidly with increases in distance from a pollen source (Levin and Kerster 1974; Steven and Waller 2007; Vandepitte et al. 2009; Hesse and Pannell 2011) . In M. japonicus, we also found that the amount of airborne pollen rapidly decreased with distance from the pollen source. We observed pollen limitation only in trees without males in their vicinity, which may be attributable to short-distance pollination by wind. Interestingly, fruit set of control inflorescences itself did not change with distance. One possible explanation may be varying resource availability for fruit production among trees; female trees far from males might have suffered from pollen limitation in previous years and accumulated more resources, thus setting more fruits when pollen was supplemented. In contrast, pollen limitation does not strongly depend on distance from a pollen source in insect-pollinated plants ( Although the data presented in the present study are still preliminary, our results may indicate that the effectiveness of wind and insect pollination may differentially depend on population density, which has rarely been examined in ambophilous plants. Ambophily has been documented only in ~10 genera, most of which were thought to be either wind-or insect-pollinated before close investigation (Culley et al. 2002) . Ambophily may thus be more common than currently thought (Culley et al. 2002) . Further studies may reveal that ambophily is an important mechanism to ensure reproduction for plants experiencing unstable habitats. The data are divided by the three collection methods. Relatively large flying insects were collected using insect nets, and small insects were collected using aspirators or by sampling entire inflorescences. 
